We compared left ventricle (LV) volume (V) simultaneously measured using the conductance catheter (VM) with volume calculated from three LV dimensions (VD) determined ultrasonically from endocardial crystals. Seven adult mongrel dogs (20-30 kg) were anesthetized and instrumented to measure micromanometer LV pressure and V. Three pairs of crystals were placed orthogonally in subendocardial positions and a conductance catheter was placed in the LV retrograde across the aortic valve. Under steady-state conditions, over the range of a single cardiac cycle, the relation between VM and VD was well described by a straight line. There was an excellent correlation of conductance and dimension volumes with r equal to 0.97+±0.04 and SEE 0.8 +0.5 ml. The gain (1/ce) and parallel conductance volume (cYVc) were constant. At lower volumes obtained during bicaval occlusion, however, the relation between VM and VD was curvilinear. 1/a and aVc both decreased as LVV fell. Thus, determination of absolute volume using the conductance catheter depended on the conditions under which the data were obtained. Under steady-state conditions, aYVc calculated by both the saline method (mean+ SD, 50±t15 ml) and by regression of VM and VD, (45+±21 ml) were similar. Consequently, absolute LV end-diastolic volumes and end-systolic volumes by the conductance and dimension methods were similar (53±14 ml and 38±14 ml vs. 56±17 ml and 44+16 ml, respectively,p=NS). When volume decreased during bicaval occlusion, there was a progressively greater decrease in VM as compared with VD. The absolute slope (EES) of the end-systolic pressure-volume relation (ESPVR) was consistently higher by the dimension method, group average, 16.3+±7.6, than by the catheter, 8.5 ±5.9, p <0.05. The direction and magnitude of the change in EEs at different inotropic states (autonomic blockade; dobutamine), however, was similarly measured by both the conductance catheter and dimension method. We conclude that the gain and offset of the conductance catheter are relatively constant at steady state but vary when volume is reduced by caval occlusion. Thus, the conductance catheter accurately measures absolute volumes at steady state but can underestimate the slope and position of the ESPVR when it is determined by caval occlusion. The conductance catheter does, however, accurately measure the directions and magnitude of change in contractile state. (Circulation 1990;81:638-648) A nalysis of the left ventricle (LV) in the pressure-volume plane has provided insights into LV performance. 
We compared left ventricle (LV) volume (V) simultaneously measured using the conductance catheter (VM) with volume calculated from three LV dimensions (VD) determined ultrasonically from endocardial crystals. Seven adult mongrel dogs (20-30 kg) were anesthetized and instrumented to measure micromanometer LV pressure and V. Three pairs of crystals were placed orthogonally in subendocardial positions and a conductance catheter was placed in the LV retrograde across the aortic valve. Under steady-state conditions, over the range of a single cardiac cycle, the relation between VM and VD was well described by a straight line. There was an excellent correlation of conductance and dimension volumes with r equal to 0.97+±0.04 and SEE 0.8 +0.5 ml. The gain (1/ce) and parallel conductance volume (cYVc) were constant. At lower volumes obtained during bicaval occlusion, however, the relation between VM and VD was curvilinear. 1/a and aVc both decreased as LVV fell. Thus, determination of absolute volume using the conductance catheter depended on the conditions under which the data were obtained. Under steady-state conditions, aYVc calculated by both the saline method (mean+ SD, 50±t15 ml) and by regression of VM and VD, (45+±21 ml) were similar. Consequently, absolute LV end-diastolic volumes and end-systolic volumes by the conductance and dimension methods were similar (53±14 ml and 38±14 ml vs. 56±17 ml and 44+16 ml, respectively,p=NS). When volume decreased during bicaval occlusion, there was a progressively greater decrease in VM as compared with VD. The absolute slope (EES) of the end-systolic pressure-volume relation (ESPVR) was consistently higher by the dimension method, group average, 16.3+±7.6, than by the catheter, 8.5 ±5.9, p <0.05. The direction and magnitude of the change in EEs at different inotropic states (autonomic blockade; dobutamine), however, was similarly measured by both the conductance catheter and dimension method. We conclude that the gain and offset of the conductance catheter are relatively constant at steady state but vary when volume is reduced by caval occlusion. Thus, the conductance catheter accurately measures absolute volumes at steady state but can underestimate the slope and position of the ESPVR when it is determined by caval occlusion. The conductance catheter does, however, accurately measure the directions and magnitude of change in contractile state. (Circulation 1990; 81:638-648) A nalysis of the left ventricle (LV) in the pressure-volume plane has provided insights into LV performance.1-5 Clinical application of pressure-volume analysis, however, has been limited because of the difficulty in measur-ing LV volume. Recent refinement of a conductance catheter has provided a tool capable of continuously measuring LV volume without disturbing the LV and its surrounding tissues.6-9 The signal from the conductance catheter reflects LV conductance as well as See p 703 a parallel conductance because of current paths outside the LV. Measurement of absolute LV volume using the conductance catheter, thus, depends on accurate calculation of the volume attributable to parallel conductance. Validation of conductance catheter measurement of absolute LV volume has been obtained in the postmortem canine heart9 and in an isolated ejecting left heart preparation.10 Limited data are available comparing conductance cath-eter measurement of LV volume to angiographic LV volumes under steady-state conditions in intact animals and patients,8,1' and after balloon occlusion of the inferior venae cavae, aorta, and pulmonary artery.12 No previous study, however, has evaluated conductance catheter measurement of absolute LV volume at steady state and over a range of volumes and inotropic states in an intact animal using an independent method of continuously determining LV volume. Accordingly, the purpose of this study was to compare measurements of absolute LV size and pressure-volume analysis performed with the conductance catheter to sonomicrometry measurement of LV dimensions in the intact animal. LV sonomicrometry provides continuous measurements of LV volume in an intact animal model. [13] [14] [15] [16] This technique has been used extensively and validated in our laboratory. '7-22 Methods Instrumentation
Seven mongrel dogs (20-30 kg) were premedicated with xylazine (0.1 mg/kg), anesthetized with sodium pentobarbital (10-15 mg/kg), and maintained on an intravenous pentobarbital drip (1-2 mg/kg/hr). Ventilation was provided through an endotracheal tube by a volume respirator. Blood gasses were maintained within the physiologic range by adjusting ventilation and by oxygen supplementation as necessary. The animals were placed on their right side and the thorax was opened in the left fourth or fifth intercostal space. The lungs were retracted, and a pericardial cradle was constructed to fully expose the heart. Three ultrasonic crystal pairs (5 mm, 3 MHz) were implanted in the endocardium to measure the anteroposterior (AP), septal-lateral (SL), and base-apex long-axis (LA) dimensions. Umbilical tape snares were placed around the inferior and superior venae cavae to allow bicaval occlusion. Vascular sheaths were then placed through local cutdown in peripheral arterial and venous sites for catheter placement under fluoroscopic guidance. A balloon-tipped fluid-filled tube was positioned in the pulmonary artery. A micromanometer catheter (Millar Instruments, Inc., Houston, Texas) was passed retrograde across the aortic valve into the LV. Finally, a conductance catheter (Webster, Inc., Baldwin Park, California) was passed retrograde across the aortic valve and the tip positioned in the apex of the LV.
Volume Measurements Conductance Catheter
Using the electrode catheter inserted into the LV retrograde across the aortic valve, an electrical field was generated (20 KHz, 0.03 mA RMS current) in the LV from electrodes at the apex and at the aortic valve. Sensing electrodes evenly distributed along the catheter measure conductances between electrode pairs located within the LV. The conductances are summed and converted to volume using a signal conditioner (Sigma 5, Leycom, The Netherlands). The volume (V) of the ventricle at any time t is calculated as:
where, a equals unitless constant, L equals distance between sensing electrodes, p equals resistivity of blood, which is inversely related to conductivity, GM(t) is sum of conductances measured at any time (t), and Gp is parallel conductance. Because L and p are known23,24 and 1/a remains essentially constant,6-9 V(t) is proportional to GM(t). In using the catheter system, the values for L and p are measured and entered into the signal conditioner, which computes an uncorrected conductance volume (VM): (5) Ejection phase points were chosen to examine a phase of the cardiac cycle when volumes were rapidly changing and to provide a manageable number of points for analysis. aVc determined by the two methods were then compared. a and aVc were also examined by comparing conductance catheter and dimension volumes of variably loaded beats during bicaval occlusion. Ejection phase VM-VD points from each beat of a bicaval occlusion were fit to a linear regression as previously described. a and aVc of the first, middle, and last beat of the bicaval occlusion were compared to assess volume-dependent changes in these variables at each inotropic state.
The slope of the end-systolic pressure-volume relation (ESPVR), EES, was calculated by linear regression of the ES pressure-volume points obtained during the bicaval occlusion. The first five beats of the occlusion were excluded to minimize the effect of changes in RV volume on parallel conductance. 25 Points below an LV systolic pressure of 60 mm Hg, premature beats, and postpremature beats were also excluded from the analysis. Similarly, the slopes of the stroke work-end-diastolic volume (SW-EDV) relation27 and the dP/dtMAx-end-diastolic volume (dP/dtMAx-EDV) relation28 were calculated using the same points as were used in calculating EES.29
Pressure-volume analyses were compared using endsystolic volumes from both the conductance catheter corrected for parallel conductance (VG) using the saline method and the three orthogonal dimensions (VD). The relative position of each pressure-volume relation can be described by the volume-axis position at a point in the midrange of the y-axis values generated during the caval occlusion.29 This point is not subject to errors in extrapolation that can influence the extrapolated volume-axis intercepts, VO. For the ESPVR relation, V1oo was defined as the volume associated with an LV end-systolic pressure (ESP) of 100 mm Hg. This value was chosen because it corresponded to the midrange of end-systolic pressures obtained during most of the caval occlusions. For each caval occlusion, this point was determined by calculating the volume associated with an LVESP of 100 mm Hg using the line describing EES:PES=EES(VES-VO). The relative positions of both the SW-EDV and dP/dtMAx-EDV relations (VMID) were characterized in a similar manner, and defined as the volumes associated with a stroke work and dP/dtMAx in the midrange of values obtained during the caval occlusion. The ability of the ESPVR to evaluate alterations in inotropic state was also assessed. To An example of a typical recording after pulmonary artery injection of saline is shown in Figure 1 . After the injection of hypertonic saline, the resistivity of blood flowing through the LV decreased. The resistivity set on the signal conditioner was kept constant resulting in overestimation of resistivity and an increase in VM. Actual LV volume and ejection fraction, however, remained unchanged during the initial phase of the saline bolus as evidenced by the lack of change in LV dimensions and dimension shortening (Figure 1, lower panel) . LV An example of SV determined by both techniques during the course of a bicaval occlusion is shown in Figure 6 . There was a progressive fall in SVD, which was paralleled by a fall in SVG. Regression of SVD versus SVG during bicaval occlusion was obtained for each animal, with group average r=0.90±0.15 (range, 0.71-0.99). For the group SVG=1.1 (+0.4) SVD+3.4 (±3.9) ml. Thus, the catheter accurately measured SV over the range of volumes obtained during a bicaval occlusion despite changes in a and aVc.
LVPV loops generated from a bicaval occlusion are shown in Figure 7 using both VD and VG. The ability of the conductance catheter to assess changes in contractile performance in the PV plane was also assessed using the SW-EDV and dP/ dtMAx-EDV relations. A representative example of simultaneous conductance catheter and dimension SW-EDV points obtained during a bicaval occlusion is seen in Figure 9 . Both relations were linear, and the slopes were similar. Quantitative analysis of the SW-EDV relation for the group at all three inotropic states is shown in Table 4 . The slope of the relation was similar at each inotropic stats for the conductance catheter and dimension method, and reflected equivalent changes in the inotropic state. The ratio of the slopes of the SW-EDV relation determined using the two methods of volume measurement was approximately 1. VMID was consistently lower for the conductance catheter compared with the dimension method. An example of simultaneous conductance catheter and dimension method dP/dtMAx-EDV points during a basal-state caval occlusion is also shown in Figure 9 . Similar to the SW-EDV relation, the dP/dtM,x-EDV relation was linear. Results of quantitative analysis of the dP/dtMAx-EDV relation for the group at all three inotropic states is presented in Table 4 . Comparable with the results obtained using the SW-EDV analysis, the slopes from the conductance catheter and dimension method were similar at each inotropic state, and the ratio of the slopes was not significantly different from 1. Moreover, the slopes of the dP/dtMAx-EDV relation changed appropriate to the inotropic state. VMID also tended to be lower for the conductance catheter compared with the dimension method but the differ- Sonomicrometry is, therefore, well suited for assessing the parallel conductance volume component of the conductance catheter signal. At steady state, over the volume range encompasses by one cardiac cycle, the relation of uncorrected conductance catheter (VM) and dimension volumes (VD) was well approximated by a straight line. Thus, both parallel conductance and the gain (1/a) were essentially constant over the range of a normal cardiac cycle. Furthermore, the volume attributable to the parallel conductance (aVc) could be accurately estimated using the saline method.
Unlike the findings under steady-state conditions, both 1/a and aVc were found to vary when variably loaded beats were examined. Over the volumes obtained during bicaval occlusion, the relation between conductance and dimension volumes was curvilinear and concave toward the dimensionvolume axis. This was apparent as a progressive decrease in 1/a and aVc from the first to the last beat of the bicaval occlusion. Because the range of volumes obtained during the bicaval occlusion overlapped considerably with the volumes obtained at steady state, significant changes in 1/a and aVc may occur only when a critical reduction in volume has been surpassed. Our data suggest that this critical volume might be close to steady-state end-systolic volume in the anesthetized dog. Similar changes in 1/a and aVc were also observed at markedly different inotropic states during caval occlusion (over comparable volume ranges), indicating that alterations in l/a and aVc were reproducible and were volume dependent and not dependent on the contractile state of the LV. Thus, determination of absolute LV volume using the conductance catheter appear to be influenced by the volume range over which the data are examined.
Current understanding of measurement of absolute LV volume using the conductance catheter is based on studies demonstrating a linear relation al'1 placed the catheter in the LV across the aortic valve. Thus, changes in parallel conductance might be related to differences in the catheter position within the LV. Additionally, there are significant differences in the structures contributing to parallel conductance in the isolated heart preparation compared with the intact animal. For this reason, observations of the behavior of parallel conductances obtained in the isolated heart preparation might not be comparable with findings in the intact animal. Several more recent reports suggest that parallel conductance might not be constant under all conditions. Boltwood et al'2 recently evaluated conductance catheter and angiographic LV volume determinations in anesthetized dogs. They assessed 1/a and aVc at steady state, during pulmonary artery and aortic occlusions, and during limited caval occlusions. They observed that parallel conductance volume was not constant but varied as a direct function of LVES volume. Regression of conductance catheter volumes uncorrected for parallel conductance volume and dimension volumes during caval occlusion ( Figure 5 , Table 2 ; s,* rately estimated LVED angiographic volume. This suggests that parallel conductance might not be constant at smaller LV volumes. The data from these studies and the present study, together, indicate that the gain and parallel conductance volume vary when volume is reduced. Mur and Baan9 noted that the theoretical relation between conductance catheter volume and absolute volume was not perfectly linear, probably because of changes in the electrical field distribution within the LV. Conductance volumes underestimated actual volumes at the lower range of ranges, which is consistent with the data observed in this study, and the observations of Boltwood et al. 12 The changes in the electrical field might be more pronounced at smaller volumes and explain small differences in parallel conductance within a cardiac cycle. Newer algorithms for determining conductance catheter LV volume may minimize the effect of volumedependent changes in parallel conductance and allow accurate determination of the absolute ESPVR using the conductance catheter. 30 Other possibilities for the apparent change in parallel conductance during the caval occlusion should be examined. Because caval occlusion was used to generate the variably loaded beats, it is possible that parallel conductance progressively fell because of continuous reductions in right ventricle (RV) and pulmonary vascular contributions to parallel conductance although we excluded the initial beats after caval occlusion when RV volume is rapidly changing.25 It is also possible that movement of the catheter out of the LV during caval occlusion could affect conductance catheter volumes. We continuously assessed the position of the catheter fluoroscopically and did not see a change in its position within the LV. Thus, this did not likely affect our results. It is also possible that the dimension method progressively overestimated LV volume. At steady state, the gain (1/a) relating conductance volume to dimension volume was 1.0+0.2. This value is consistent with previously reported values of a ranging from 0.8 to 1.16 with other methods of volume determination. Although configuration changes in the LV can affect ultrasonic measurement of LV volume at extremely low volumes, data from this laboratory and others have shown that sonomicrometry using endocardial crystals, reliably and consistently measures LV volume over the range used in this study. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Our study and previous studies indicate that the conductance catheter can be used to determine SV over a wide range.6-10,3-33 Determination of absolute LV volumes under steady-state conditions, when 1/a and aVc are essentially constant, are also feasible using the conductance catheter and the saline method of calculating parallel conductance volume. Because of the volume-dependent changes in 1/a and aVc, however, use of the conductance catheter in non-steady-state conditions might have limitations. 
